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SECTION  I 
SUMMARY 


This  report  presents  the  results  of  a  test  program  to 
evaluate  sandwich  panels  which  were  fabricated  using  double 
layers  of  different  types  and  thicknesses  of  honeycomb  core 
materials.  Combinations  of  aluminum/  aramid/  and  paper  honeycomb 
were  layered  and  adhesively  bonded  to  aluminum  facings.  The  T- 
splice  joint  between  the  two  core  layers  was  made  with  a  woven 
fiberglass  prepreg  impregnated  with  a  modified  epoxy  resin  on 
some  panels  while  on  others  a  film  adhesive  was  used  at  the  T- 
splice . 

The  results  of  this  investigation  clearly  indicate  that  the 
impact  damage  typical  of  paper  honeycomb  core  is  greatly  reduced 
with  the  double  layer  sandwich  concept.  Both  aluminum  and  aramid 
core  crush  locally  rather  than  shattering  in  a  brittle  failure 
mode.  Because  of  the  reduced  damage#  structural  integrity  is  not 
greatly  reduced  and  subsequent  repair  techniques  are  much 
simpler.  Beam  shear  tests  indicate  that  the  double  core  shear 
strengths  generally  fall  between  the  strength  levels  of  the 
individual  core  types  used.  Thus#  a  two  inch  thick  double  layer 
panel  made  with  one-inch  aluminum  and  one-inch  paper  core  ex¬ 
hibit.*-  :>  shear  strength  between  that  of  a  single  two-inch 
aluminum  and  two-inch  paper  honeycomb  panel.  Thermal  conduc¬ 
tivity  of  a  double-layer  core  likewise  falls  between  that  of  the 
two  individual  core  types. 

Compressive  properties  of  multi-layered  sandwich  panels  were 
lower  than  those  of  either  core  alone.  This  was  determined  to  be 
caused  by  the  inability  of  the  single  ply  splice  layer  to  provide 
sufficiently  stable  cell  edge  support  and  prevent  the  sharp  core 
cell  edges  from  cutting  into  and  through  the  splice. 

A  subsequent  investigation  was  carried  out  in  which  a  rigid 
core  splice  layer  was  substituted  for  the  single  ply  non-rigid 
splice  layer.  The  results  are  presented  in  Appendix  B.  They 


indicate  that  the  use  of  a  rigid  splice  layer  not  only  overcomes 
the  problem  of  decreased  compressive  properties  in  multilayered 
sandwich  panels#  but  also  produces  higher  beam  shear  properties 
as  well. 

Since  honeycomb  is  the  major  cost  item  in  a  sandwich  panel, 
the  economics  of  using  paper  in  combination  with  aramid  honeycomb 
are  shown  to  be  better  than  an  all  aramid  panel.  Similarly,  the 
use  of  some  paper  with  aluminum  core  holds  cost  down  while 
greatly  improving  the  impact  resistance. 


SECTION  2 
INTRODUCTION 


Non-metallic  honeycomb  made  of  Kraft^"  or  Nomex^  paper  coated 
with  phenolic  resin  has  been  used  in  numerous  sandwich  structures 
including  transportable  shelters.  The  predominant  shelter 
sandwich  construction  consists  of  these  core  types  bonded  to 
aluminum  facings  with  elevated  temperature  curing  adhesives. 
Compared  with  alternate  designs/  such  as  the  " f oam-and-beam" 
shelter/  a  honeycomb  sandwich  panel  offers  several  advantages/ 
including  optimum  strength-and-stif fness-to-weight  ratio/  mount- 
anywhere  capabilities  for  shelving/  racks/  etc.  using  potted 
fasteners/  relative  ease  of  minor  repairs,  and  the  toughness  of 
Nomex  honeycomb  panels.  Honeycomb  by  itself  does  have  higher 
thermal  conductivity,  however,  this  can  be  improved  by  filling 
the  core  with  foam.  Kraft  paper  core  such  as  WRII  is  relatively 
brittle  and  has  poorer  wet  strength  than  Nomex  but  in  many  cases 
this  is  offset  by  the  higher  cost  of  Nomex  honeycomb. 

The  MI L-H-43964(GL)  specification  for  non-metallic  honeycomb 
for  shelter  panels  contains  a  dynamic  drop  test  requirement  which 
is  difficult  or  impossible  to  meet  with  the  currently  available 
Kraft  paper-based  core  types.  The  test  involves  dropping  a 
sixty-seven  pound  weight  onto  a  test  panel  in  which  the  core  is 
allowed  to  crush  locally  but  not  shatter  or  fracture  (ref.  1). 
Honeycomb  cores  made  of  aramid  paper  (Nomex)  or  aluminum  pass 
this  requirement.  The  latter  has  high  heat  transfer  properties, 
however.  Thus,  each  core  type  has  some  good  as  well  as 
undesirable  characteristics. 

The  objective  of  this  program  was  to  investigate  and  test 
the  concept  of  combining  several  different  core  types  into  one 
sandwich  panel,  taking  advantage  of  the  best  properties  each  core 
has  to  offer  (see  Figure  1). 

A  typical  panel  thickness  for  shelters  is  about  two  inches. 
This  is  also  the  test  thickness  used  in  MIL-H-43964.  Hence, 

^Trademark,  E.  I.  DuPont  DeNemours  Co. 


while  this  study  used  two  inches  for  the  basic  panel  thickness, 
two  additional  panel  thicknesses  (1.5  and  1.0  inch)  were  included 
for  comparison. 

Various  combinations  of  Kraft  paper,  Nomex,  and  aluminum 
honeycomb  core  were  fabricated  into  sandwich  panels  and  each  core 
type  was  also  used  individually.  Thus,  two  inch  thick  full-depth 
panels,  consisting  of  two  one-inch  layers,  and  panels  con¬ 
sisting  of  a  0.5  inch  and  a  1.5  inch  layer  were  all  compared. 


SECTION  3 
PROCEDURE 


1  MATERIALS 

Three  different  types  of  honeycomb  were  included  in  this 
study 

WRII  -  Kraft  Paper  Based/  Phenolic  Resin  Dipped. 

This  core  type  is  used  extensively  in 
military  shelters#  has  good  shear  and 
compressive  properties#  and  is  low  in 
cost . 

HRH10  -  Aramid  Paper  Based#  Phenolic  Resin  Dipped. 

This  core  is  used  in  various  aircraft 
structures.  It  is  extremely  resilient  and 
has  good  dry  and  wet  strength;  it  is  more 
expensive.  (HRH78  is  a  commercial 
version . ) 

Aluminum-  Available  in  four  different  alloys.  5052 

and  3003  were  used  in  this  program. 
Aluminum  core  is  ductile#  relatively  low 
in  cost  and  used  in  numerous  structural 
appl ications . 


s 


Transportable  shelter  structures  in  the  past  have  used 
higher  strength  materials  for  floors  and  walls#  and  lower 
strength  cores  in  some  roof  and  folding  panels.  Thus#  it  was 
decided  to  include  honeycombs  of  two  different  strength  levels. 
WRII  is  available  in  two  densities  --  2.5  and  3.8  pounds  per 
cubic  foot.  Low  and  high  density  aluminum  and  Nomex  cores  were 
selected  with  similar  strengths  to  the  WRII. 


The  following  six  core  types  were  used.  Note  that  the 
letter  designation  will  be  used  frequently  in  this  report  for 
quick  reference. 


A 

Aluminum 

ACC- 3/0-3. 6 

.'*1 

B 

Aluminum 

5052-1/4-4.3 

C 

Kraft  Paper 

WRII-3/8-2 . 5 

> 

D 

Kraft  Paper 

WRI I- 3/8-3 . 8 

•i 

E 

Aramid  Paper 

HRH- 10-3/8- 3.0 

u 

F 

Aramid  paper 

HRU-10— 1/4-4.8 

Two-inch  panels  were  made  with  each  of  the  above  core  types 
to  serve  as  the  basis  for  property  correlation.  Then  combina¬ 
tions  of  0.5<  1.0/  and  1.5  inch  thick  cores  were  made  into  the 
multilayered  sandwich  panels.  Table  1  describes  these 
combinations. 

The  facings  for  all  panels  were  .040  inch  thick  5052  H34 
aluminum.  Just  before  bonding/  the  facings  were  cleaned  and 
etched  with  the  standard  FPL  treatment.  The  adhesive  used  to 
bond  core  and  facings  was  Hysol's  EA9601  MW  at  15  mil  thickness. 
The  T  plane  splice  (between  honeycomb  layers)  was  made  with  one 
ply  of  Hexcel's  F185  prepreg  on  7781  woven  fiberglass  for  most  of 
the  specimens.  This  material  is  normally  used  to  make  laminates 
and  has  a  matrix  resin  which  bonds  well  to  various  core  types. 
Some  of  the  specimens,  as  will  be  noted  in  a  subsequent  section, 
were  remade  with  a  film  adhesive  (Hysol's  F.A9601NW)  as  the  T- 
plane  splice  rather  than  the  F185  prepreg. 

In  addition  to  the  types  of  specimens  described  above,  a 
small  followup  investigation  was  carried  out  in  which  a  rigid 
aluminum  sheet  was  used  as  the  splice  plane  layer  rather  than  a 
single  ply  of  prepreg  or  adhesive  film  alone.  These  results  are 
described  in  Appendix  B. 

The  assemblies  were  co-cured  in  a  heated  platen  press  at 
2 6 0 ° F  for  one  hour  under  a  pressure  of  about  20  psi.  In  order  to 
obtain  the  required  number  of  test  specimens,  24  x  24  inch  and  13 
x  18  inch  panels  were  made.  Table  2  itemizes  these  various 
panels  and  also  lists  the  panel  weights.  Beam  flexure  and  com¬ 
pressive  specimens  were  band-sawed  from  the  panels  and  prepared 
for  testing.  The  thermal  conductivity  specimens  were  spliced 
with  a  F 18 5  glass  prepreg,  but  no  facings  were  bonded  to  these  12 
x  12  inch  core  sections. 


3.2  TESTING 


Four  types  of  tests  were  conducted: 

a)  Beam  flexure  (L  and  W  directions)  at  ambient  and  200°F# 

b)  Thermal  conductivity# 

c)  Drop  impact#  and 

d)  Stabilized  compression  at  ambient  and  200*F. 

Not  all  tests  were  conducted  for  every  panel  type. 
Ambient  compression  and  beam  flexure  tests  were  conducted  on  all 
panels  but  the  200°F  tests  were  carried  out  with  only  a  few  panel 
types.  The  thermal  conductivity  tests  were  omitted  for  the  two 
inch  thick  aluminum  because  of  instrument  limitations. 


The  compression  specimens  were  3x3  inches  and  tested  in 

accordance  with  MIL-STD-401B.  The  beam  flexure  specimens  were 

loaded  through  a  single  center  bar  3  inches  wide  with  1.5  inch 

wide  support  pads  and  a  span  of  14  inches.  Figure  2  illustrates 

this  specimen.  Load-deflection  curves  were  obtained  for  the 

ambient  tests.  The  loading  rate  for  these  tests  was  0.05  inches 

per  minute  to  failure.  The  200®F  tests  were  conducted  the  same 

way  inside  a  test  oven  after  10  minutes  exposure.  The  beam 

flexure  specimens  were  examined  for  type  of  failure  and  the  data 

converted  from  load  at  failure  to  core  shear  strength.  The 

formula  for  this  is  t  =  — nr 

2  (d-tf ) b 


where:  t  =  core  shear  strength  in  psi 

P  =  load  at  failure  in  pounds 
d  =  sandwich  thickness  in  inches 
tf  =  facing  thickness 
b  =  specimen  width 


The  thermal  conductivity  coefficients  (K)  were  obtained  with 
a  K-Matic  heat  flow  meter  (Figure  3).  This  instrument  measures  K 
at  a  mean  temperature  of  75°F  using  a  12  x  12  inch  specimen  size. 
The  panels  which  had  aluminum  core  were  tested  both  ways#  with 
the  aluminum  core  up  and  down. 

The  impact  tests  were  conducted  with  the  "Trifel  Tower" 
illustrated  in  Figure  4.  The  test  consists  of  dropping  a  67 
pound  weight  with  a  three  inch  diameter  spherical  head  onto  a  24 


SECTION  4 

DISCUSSION  OF  RESULTS 


The  physical  and  mechanical  properties  measured  in  this 
program  indicate  that  the  concept  of  using  two  (or  possibly  more) 
layers  of  honeycomb  in  one  sandwich  panel  could  offer  some  inter¬ 
esting  advantages.  One  major  concern  in  the  transportable 
shelter  industry  has  been  the  rather  brittle  nature  of  Kraft 
paper  based  honeycomb  and  the  hiaher  relative  cost  of  the  very 
resilient  aramid  paper  based  cores.  This  program  demonstrates 
that  it  is  possible  to  combine  the  best  of  both  materials. 

4.1  WEIGHT  ANALYSIS 

Figure  5  illustrates  the  weight  distribution  of  two  typical 
double  layer  sandwich  panels;  one  with  2.5  pcf  honeycomb,  the 
other  with  5.0  pcf  core.  It  is  evident  that  the  splice  does  not 
contribute  a  large  portion  of  the  panel  weight.  Most  of  the 
panel  weight  comes  from  the  facings  and  honeycomb.  Table  3  lists 
the  panel  weights  for  all  the  combinations  which  were  fabricated 
for  this  investigation.  It  is  apparent  that  the  major  variations 
in  weight  are  due  to  the  density  of  the  particular  type  of 
honeycomb  core  or  cores  in  the  panel. 

4.2  BEAM  FLEXURE  RESULTS 

The  beam  flexure  tests  were  designed  to  prevent  compressive 
type  failures  under  the  loading  pad.  This  was  to  have  been 
accomplished  by  using  a  rubber  pad  under  the  three-inch  wide 
loading  bar.  In  spite  of  this,  not  all  of  the  failures  were  qood 
core  shear  failures.  Compressive  failures  did  occur  with  some 
high  density  L  direction  specimens,  but  not  until  after  good 
shear  buckling  lines  were  observed  in  the  honeycomb.  In  other 
words,  shear  failure  was  imminent  when  the  top  facing  buckled 
into  the  core.  Hence,  the  load  at  failure  was  fairly  repre¬ 
sentative  of  the  core's  shear  capability. 


In  addition  to  the  compressive  failures  described  above, 
some  of  the  beam  flexure  specimens  failed  in  the  splice  by 
Je lam i na t ion .  This  splice  joint  must  provide  sufficient  bond 
strength  to  the  honeycomb  to  carry  the  shear  stresses  as  well  as 
provide  support  for  the  compressive  forces  encountered. 
Apparently,  the  low  resin  content  of  the  laminating  grade  prepreg 
(fexcel's  FIBS)  was  insufficient  to  form  good  fillets.  Figure  6 
shows  tour  typical  failed  beam  flexure  specimens.  Three  of  the 
;anels  exhibited  good  shear  failures  while  one  exhibits  delamina- 
t ion  in  the  splice.  The  lack  of  resin  and  fillets  are  quite 
rtir-irie  at  the  broken  splice  line.  Because  of  the  behavior  of 
the  panels  with  this  resin  starved  splice,  another  series  of 
, anels  w 1 t h  the  same  core  combinations  was  made  using  EA9601NW 
tiliv  aanesive  as  the  splicing  material.  These  panels  proved 
iettet  and  did  not  fail  in  the  splice  area  at  room  temperature. 
Figures  7  and  8  and  Tables  4-7  summarize  the  beam  flexure  shear 
test  results. 

'•  t  .  •  i  >b  •  F  ,  however,  the  splice  was  again  the  weak  link.  The 
strength  values  obtained  for  the  double  sandwich  panels  in  shear 
were  all  much  lower  than  anticipated  because  of  splice  failures, 
ihese  results  are  presented  in  Ta b 1 e  B .  Most  of  the  full  depth 
honeycomb  beams  failed  in  shear  at  both  room  temperature  and 
1  e°K  so  the  effect  of  temperature  can  be  correlated.  The  data 
indicates  that  aluminum  honeycomb  retains  about  92%  of  its  RT 
strength  at  200“F;  WRII  retains  49%,  and  HRH-10  retains  84%. 

These  data  illustrate  one  of  the  superior  characteristics  of  the 
aluminum  and  Nomex  honeycomb  over  the  WRII. 

Keeping  in  mind  that  some  differences  in  mode  of  failure  are 
included,  the  data  does  indicate  that  the  shear  strengths  of  the 
double  layer  sandwich  panels  fall  between  the  strengths  of  the 
two  core  types  used.  For  example,  series  8AC,  which  combines 
aluminum  and  WRII  core,  has  shear  strength  about  half  way  between 
that  for  aluminum  and  WRII  honeycomb. 


Since  the  shear  stesses  are  uniform  through  the  core  thick¬ 
ness  of  a  sandwich  panel/  one  would  expect  these  panels  to  be 
only  as  strong  as  the  weakest  core  section.  The  fact  that  the 
multi-layered  panels  had  shear  strengths  higher  than  the  weakest 
core  type  would  suggest  that  there  could  be  a  thickness  effect. 
Indeed,  it  is  well  known  that  honeycomb  has  higher  shear 
strengths  as  the  thickness  is  decreased  (Ref  2  and  4).  Thus,  the 
additional  benefit  of  higher  shear  properties  due  to  use  of  thin 
slices  was  realized  to  some  degree  with  the  multi-layered  panel 
approach . 

Figures  9  through  15  illustrate  the  deflection  of  the 
sandwich  flexure  beams  at  the  center  point  when  the  load  reached 
500  lbs.  for  the  low  density  core  types  and  1,000  lbs.  for  the 
high  density  core  panels.  These  deflections  were  obtained  from 
the  individual  load-deflection  curves  presented  in  Appendix  A. 
of  course,  the  smaller  the  deflection,  the  stiffer  the  panel.  In 
all  these  cases,  the  deflections  followed  a  pattern  of  being  high 
for  HRH-10  and  WRII  and  low  for  aluminum  core.  The  larger  the 
amount  of  aluminum  core  which  is  used,  the  lower  the  deflection. 
The  one  anomaly  was  the  W  direction  beams  for  series  10BD. 

Thus,  it  has  been  demonstrated  that  it  is  possible  to  select 
a  combination  of  core  materials  which  will  provide  the  sandwich 
panel  with  better  stiffness  than  that  which  can  be  obtained  from 
an  all  non-metallic  honeycomb  at  the  same  density  and  thickness. 

4.3  THERMAL  CONDUCTIVITY  RESULTS 

The  thermal  conductivity  values,  K,  are  presented  in  Ta b 1 e  9 
and  illustrated  in  Figures  16-19.  The  aluminum  core  is  a  good 
conductor,  and  no  data  could  be  obtained  on  the  full  depth 
aluminum  panels.  Panels  made  with  combinations  of  aluminum  and 
either  WRII  or  HRH-10  core  were  tested  in  both  orientations, 
aluminum  layer  up  and  down.  Indications  are  that  this  made  only 
a  slight  difference.  Figures  17  and  1_9  show  this  more  clearly. 
Figure  16  presents  the  thermal  conductivity  values  for  the  HRH-10 


and  WRIT  coro.  Previous  tests  of  these  types  of  materials  have 
shown  that  smaller  cell  size  and  lower  density  provides  better 
insulation  (ref.  3).  The  results  obtained  here  corroborate  those 
trends.  A  1/4  inch  cell  size  in  HRH-10  gave  a  lower  conductivity 
than  a  3/8  inch  cell  size  in  spite  of  a  higher  density.  For  a 
3/8  inch  cell  size  in  WRII,  the  lower  density  gave  a  lower  con¬ 
ductivity  than  the  higher  density. 

Additional  testing  was  done  with  the  above  specimens  after 
filling  the  cells  of  the  non-metallic  core  types  with  a  friable 
phenolic  foam.  The  reduction  in  thermal  conductivity  values  are 
shown  in  Figures  18  and  19. 

4.4  IMPACT  RESULTS 


The  impact  tests*  performed  as  shown  in  Figure  4,  were 
probably  the  most  interesting  part  of  this  program.  The  type  of 
failure  where  the  core  crushes  under  the  impact  area  is  desirable 
since  that  type  of  failure  can  be  repaired  easily  by  filling  the 
dented  facing.  This  type  failure  is  typical  of  both  aluminum  and 
HRH-10  full-depth  honeycomb,  as  illustrated  in  Figure  20.  If  the 
facing  is  punctured,  delamination  occurs,  or  the  core  shatters 
and  breaks  up,  the  panel  strength  may  be  adversely  affected,  and 
the  repair  is  more  involved.  Figure  21  illustrates  the  cross- 
section  of  two  impact  damaged  WRII  panels  with  full-depth  core. 
The  cracked  and  shattered  paper  core  can  be  clearly  seen. 

For  double  layer  sandwich  panels  made  with  HRH-10  or 
aluminum  core  on  top  of  WRII  core,  it  is  shown  that  while  core 
crushing  still  occurs  in  the  upper  layer,  the  WRII  layer  remains 
essentially  intact.  Panels  which  contained  only  a  half-inch 
thick  layer  of  aluminum  or  HRH-10  core  and  which  had  that  layer 
completely  crushed  during  impact,  exhibited  only  a  slight  defor¬ 
mation  of  the  splice  and  WRII  layer  and  no  fracture  of  the  WRII 
core.  In  the  case  of  panels  with  a  one-inch  thick  upper  layer, 
only  the  aluminum  or  HRII-10  showed  evidence  of  crushing  with  no 
damage  at  all  to  the  splice  or  WRII  layer.  Figures  22  through  25 


show  the  cross-sections  of  the  various  double-layer  specimens 
tested . 


4.5  STABILIZED  COMPRESSION  RESULTS 

Compressive  testing  was  performed  on  the  sandwich  panels  at 
both  ambient  and  200®F.  This  data  is  summarized  in  Tables  10  and 
11  and  illustrated  in  Figures  26  and  27.  Figure  26  compares  the 
low  density  core  types  while  Figure  27  compares  the  higher  den¬ 
sity  core  types.  It  is  evident  from  these  figures*  that  a  sharp 
reduction  in  room  temperature  strength  occurs  with  the  multi¬ 
layered  panels  incorporating  the  high  density  cores.  This  was 
due  to  the  inherent  weakness  of  the  splice  material  selected. 

The  sharp  edges  of  the  core  cut  into  and  through  the  splice* 
causing  premature  failure  of  the  sandwich.  In  the  case  of  the 
high  density  core  types  this  happened  at  about  400  psi  compres¬ 
sive  stress.  A  more  rigid  splice  such  as  a  thin  aluminum  sheet 
bonded  between  the  two  different  core  types  would  probably  reduce 
or  eliminate  this  effect. 

The  200° F  test  data  shows  this  effect  again.  One  would 
expect  the  multi-layered  panels  to  fail  in  compression  at  a 
stress  close  to  the  weakest  core  type  in  the  panel.  The  panel 
containing  HRH  10  and  aluminum  (15FB)  had  a  strength  at  200“F  of 
242  psi  compared  with  586  and  547  psi,  respectively  for  the 
individual  core  types.  This  represents  a  reduction  of  56%. 

Again,  the  reason  was  the  weak  splice  and  its  unstable  cell  edge 
support . 

One  comparison  which  can  have  significant  impact  on  shelter 
design  is  the  elevated  temperature  data  for  each  core  type. 

Table  11  lists  the  percent  strength  retention  with  respect  to 
ambient  strengths  (shown  in  Table  10).  Clearly  the  aluminum  and 
HRH  10  are  superior  to  the  WRII.  shelter  roof  and  wall  panels, 
when  exposed  to  desert  sun  will  get  quite  hot.  Hence,  the  use  of 
the  more  impact  resistant  aluminum  or  Nomex  honeycomb  as  an  outer 
layer  has  the  added  benefit  of  retaining  higher  compressive  strength 
at  elevated  temperatures  than  WRII. 


As  noted  previously,  a  followup  investigation  was  performed 
in  which  specimens  were  prepared  with  a  rigid  splice  plane. 

These  results  are  presented  in  Appendix  B  and  indicate  that  with 
a  rigid  splice  plane,  multi-layered  sandwich  panels  exhibit 
compressive  properties  equivalent  to  or  higher  than  that  obtained 
from  single-layer  full-depth  samples. 

4.6  COST  ANALYSIS 

The  cost  of  the  raw  materials  to  make  a  flat  sandwich  panel 
are  usually  more  than  the  labor  costs;  providing,  of  course,  that 
the  panel  is  relatively  simple  and  doesn't  have  fancy  inserts, 
close-outs,  or  other  details  cumbersome  to  include.  The  cost  of 
a  typical  two-inch  thick  panel  evaluated  in  this  investigation 
can  vary  from  7  to  28  dollars  per  square  foot.  The  panel  with  all 
WRII  core  is  definitely  the  lowest  cost  of  the  various  types  and 
combinations  tested.  Nevertheless,  a  panel  with  ACG  aluminum 
core  is  only  about  a  dollar  per  square  foot  more.  Despite  the 
fact  that  a  layer  of  splicing  material  is  included  and  more 
material  is  handled,  the  actual  panel  cost  for  a  two-inch 
WR II/ ACG  core  combination  is  in  the  same  ball  park.  Figures  28 
and  29  present  cost  comparisons  for  sandwich  panels  having 
various  types  of  core  and  core  combinations.  It  can  be  seen  that 
when  Nomex  honeycomb  is  included,  the  cost  increases  more 
rapidly.  however,  a  high-density  panel  made  with  a  half-inch 
thick  slice  of  Nomex  core  and  1.5  inch  WRII  is  only  about  75 
percent  more  expensive  than  an  all-V.'RII  2-inch  panel.  By  com¬ 
parison,  an  all-Nomex  core  panel  with  high  density  honeycomb  is 
three  and  one-half  times  as  expensive  as  an  all-WRII  core  panel. 

It  should  be  noted  that  the  panel  costs  presented  here  are 
based  on  using  the  fabrication  tc jhnique  described  in  this  report 
for  typical  4x8  foot  panels  in  large  quantities.  The  values 
are  intended  for  comparison  purposes  only  and  are  not  to  be 
construed  as  list  prices.  They  were  valid  when  this  comparison 
was  originally  made  at  the  start  of  this  program  in  1980. 


SECTION  5 

CONCLUSIONS  AND  RECOMMENDATIONS 


This  test  program  has  demonstrated  that  sandwich  panels  made 
with  different  types  of  honeycomb  in  spliced  layers  can  be 
designed  to  utilize  the  best  features  of  each  core  material  type. 
Since  transportable  shelters  are  prone  to  impact  damage  from  the 
exterior  side/  and  since  brittle  core  types  tend  to  fracture  or 
shatter  during  such  impact  conditions/  the  addition  of  a  layer  of 
impact  resistant  core  material  will  shield  the  more  brittle  core 
and  will  itself  be  easier  to  repair. 

The  combination  of  WKII  and  aluminum  honeycomb  within  one 
sandwich  panel  adds  very  little  to  the  cost  of  the  panel/  raises 
the  weight  by  only  5  to  7  percent/  and  makes  a  much  more  damage 
resistant  as  well  as  a  stiffer  structure.  The  thermal  conduc¬ 
tivity  of  such  a  panel  will  be  higher/  but  this  can  be  reduced  by 
adding  a  lightweight  foam  to  the  WRII  core. 

Alternately/  a  layer  of  an  aramid  paper  core  such  as  HRH-10 
can  be  used  instead  of  the  aluminum  honeycomb  in  combination  with 
WRII.  Nomex  honeycomb  will  crush  rather  than  shatter  during  a 
heavy  impact:  it  will  retain  about  84  percent  of  its  strength  at 
2  0  0  °  F  (as  opposed  to  49  percent  for  WRII),  and  yet  will  not 
increase  the  cost  of  a  shelter  by  nearly  as  much  as  full-depth 
Nomex  honeycomb  would. 

One  significant  factor  should  be  noted  with  regards  to  the 
T-plane  splice  material.  It  has  to  have  sufficient  bond 
strength  to  stabilize  the  two  honeycomb  surfaces  in  a  compressive 
load,  carry  the  shear  stresses  imposed  on  the  core,  and  have 
similar  or  better  durability  at  elevated  temperatures  and  other 
environmental  conditions.  The  low  resin  content  fiberglass 
prepreg  used  in  part  of  this  study  was  not  good  enough  for  an 
actual  application.  A  layer  of  film  adhesive  was  found  to  be 
much  better  from  the  standpoint  of  transferring  shear  stresses 
from  one  core  to  the  other  in  a  multi-layered  sandwich  panel.  In 


order  to  prevent  degradation  of  compression  properties  in  a 
multi-layered  sandwich  panel,  a  rigid  T-plane  splice  layer  is 
necessary  to  resist  cut-through  by  the  sharp  cell  edges  as  well 
as  to  provide  more  stable  cell  edge  support. 

Since  this  approach  of  combining  different  core  materials 
into  one  panel  appears  to  have  some  distinct  advantages,  it  is 
recommended  that  future  investigations  should  include  factors 
such  as  effect  of  environmental  exposure,  incorporating  a  mois¬ 
ture  barrier,  and  a  study  of  panel  strength  after  various  degrees 
of  impact  damage.  In  addition,  the  possibility  of  using  facings 
other  than  aluminum  and  edge  members  should  be  considered. 
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TABLE  L  CORE  COMBINATIONS 


Panel 

Series 


Core  Types 


Core  Thickness 
Inch  I 


1A 

j  ACG  -  3/8-3. 6 

23 

i  *s  -  5052  -  4.2 

3C 

!  WRII  -  3/8-2. 5 

4D 

i  WRII  -  3/8-3. 8  | 

5E 

i  HRH-10  -  3/3-2. oj 

6F 

HRH-10  -  k-4 . 8  1 

HRH-10 


HRH-10 


HRH-10 


Description 


]  Low  density  aluminum  core 
|  Higher  density  aluminum  core 
j  Low  density  Kraft  paper 
!  Higher  density  Kraft  paper 
i  Low  density  aramid  paper 

I 

!  Higher  density  aramid  paper 


Combinations  of  aluminum  and 
WRII. 

Low  and  high  densities 


Combinations  of  HRH-10  and 
WRII 

High  density  only 


Combinations  of  HRH-10  and 
aluminim 

Low  and  high  densities 


of  oanel  thickness 


TABLE  1.  CORE  COMBINATIONS  -  CONTINUED 


Panel 

Series 


21A 

23A 

24B 

26B 


27C 

29C 

30D 

320 


33E 

35E 

36F 


Core  Types 


ACG  -  3/8  -  3.6 

HUN 

1/2  -  5052  -  4.2 

m  m  n 


WRII  -  3/8  -  2.5 

M  t*  N 

WRII  -  3/8  -  3.8 

N  H  H 


HRH10  -  3/8  -  3.0 

H  H  M 


Core  Thickness 
Inch 


2  9  0.5 
2  @  1.0 
2  9  0.5 
2  9  1.0 


2  9  0.5 
2  9  1.0 
2  9  0.5 
2  #  1.0 


2  9  0.5 
2  9  1.0 
2  9  0.5 


Description 


Combining  different  thick* 
nesses  of  aluminum  in  a 
panel 


Combining  different  thick¬ 
nesses  of  WRII  in  a  panel 


Combining  different  thick¬ 
nesses  of  HRH-10  in  a  panel 


38F 


HRH-10  -  1/2  -  4.8 


2  9  1.0 


Weight  in  psf 


Series 


24  x  24 

24  x  24 

13L  X  18W 

Drop  Test 

Flex  +C 

Flex 

-1 

-2 

-3 

1A 

A2.0 

2B 

0) 

2j 

B2.0 

3C 

8 

C2.0 

4D 

o 

*H 

W 

D2.0 

5E 

«S 

E2.0 

6F 

F2.0 

-  - 

— 

- - -  —  . 

7AC 

M 

AO. 5, Cl. 5 

8AC 

8 

Al.O/Cl.O 

9BD 

§ 

BO . 5 , Dl . 5 

10BD 

Bl.O,Dl.O 

11FD 

M 
\  M 

FO. 5,Dl. 5 

12FD 

il 

Fl.O,Dl.O 

-  ■  - 

- 

-  -  —  —  - 

13EA 

• 

El. 5, AO. 5 

14EA 

t— 1 
< 

El.OfAl.O 

15FB 

Fl. 5,B0. 5 

16FB 

F1.0,B1.0 

17FB 

E-* 

FO. 5, Bl.O 

18FB 

FO. 5,B0. 5 

1 

R7 

L 

ZOO  V 

L 

ZOO 

Sri  KT 


Panel 

Series 


Panel 

height 

psf 


Alan. -3/8-3. 6 

Alun. -1/4-4.2 

WRII-3/8-2.5 

WRII-3/8-3. 8 

HRH10-3/8-3.0 

HRH10-1/4-4. 8 

0.5"  Alun. 
1.5"  WRII 

1.0"  Alun. 
1.0"  VRU 

0.5"  Alun. 
1.5"  WRII 

1.0"  Alun. 
1.0"  ViP.II 

0.5"  HHKiO 
1.5"  WRII 

1.0"  HHH10 
1.0"  WRII 

o.5"  mao 

1.5"  Alun. 

i.O"  mao 

1.0"  Alun. 

1.5"  HRH10 
0.5"  Alun. 

1.0"  HRK10 
1.0"  Alur.. 

0.5"  HRH10 
1.0"  Alun. 

0.5  HHH10 
0.5"  AIut.. 


1)  Cost  based  on  HRH78,  the  cormercial  equivalent  of  HRH10. 

2i  Coefficient  of  thermal  conductivity  in  Btu-ir..  /hr.-sq.  ft.-F° 
3^  impact  rating  oe  rends  on  observed  mode  of  failure' 

1  «  core  crushing  only 

2  »  core  crush  and  splice  deformation 

3  «  core  shattering 


1299 

480 

1539 

968 

2175 

1734 

2457 

2093 

- 

1717 

2524 

1853 

Impact 
Ratine  3) 


IRE  FAILURE  LOADS  -  ALUMINUM  CORE  ONLY 


FLEXURE  FAILURE  LOADS  -  WRII  CORE  ONLY 


shear,  Comp.  -  core  compression  under  load  pad 
lice  delamination. 


TABLE  9  THERMAL  CONDUCTIVITY  COEFFICIENTS 


Btu  -  in/hr.  -  sq.  ft.  -  de 


3C 

WRII-3/8-2.5 

0.83 

4D 

WRII-3/8-3. 8 

0.87 

5E 

HRH10-3/8-3 . 0 

0.79 

6T 

HRH 10-1/4 -4 . 8 

0.66 

7  AC 

WRI I 

0.96 

8  AC 

WRII 

1.21 

9BI) 

WRI  I 

1.04 

10BD 

WRII 

1.21 

1  lFD 

HRH10 

0.72 

12FD 

HRH10 

0.68 

13EA 

HRH  10 

0.90 

14EA 

HRH  10 

1.21 

15FB 

HRH  10 

0.83 

1  6FB 

HRH  10 

1.13 

1 7FB 

HRH  10 

1.18 

18FB 

HRH  10 

0.82 

K  For  Panel  Reversed 


same 

same 

same 

same 


STABILIZED  COMPRESSIVE  STRENGTH  AT  ROOM  TEMPERATURE 


"Top  Face  Sheet 
5052  -  .040" 


Film  Adhesive  EA  9601  NW 


-Top  Honeycomb 


XDxLiJllJllll,!! 


XJ..LLI 


-Splice 


Construction  of  a  Double  Layer  Sandwich. 


Drop  test  of  a  67  lb.  weight  with  a  3  inch  diameter  sperhical 
head  at  the  center  of  a  24  x  24  inch  panel. 


Panels  were  then  band  sawed  through 
Impact  area  to  note  type  of  damage. 


Figure  4.  Hexcel  Trifel  Tower. 


Shear  failure 
of  HRH-10  and 
WRI I 


Delamination 
of  the  splice 
between  aluminum 
and  WRI I 


ilures  For  Some  Typical  Beam  Flexure  Specimens. 


DENSITY  CORE  TYPES 


Figure  9.  Beam  Deflection  at  500  lbs.  Load 


L  DIRECTION 


PANEL  1A  PANE... 

Aluminum  Core 


HRH-10  Core 


Figure  20.  Drop  Test  Panels  Made  With  Full  Depth  Honeycomb. 


PANEL  9BD 

30  INCH  DROP  HEIGHT 


2.0"  thick 
Aluminum/HRH-10 


Figure 


! 

25.  Drop  Tests  on  Panels  of  Different  Thicknesses. 
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ORFLECTION  (  II 


DEFLECTION  (  INCH 


SERIES  16FB  HRH10-ALUM 


DEFLECTION  (  I 


DEFLECTION  (  INCH 


DEFLECTION  (  INCH  X1000  ) 

Figure  A. 24.  Load  Deflection. 


APPENDIX  B 


EFFECT  OF  A  RIGID  SPLICE  LAYER  ON  MULTILAYERED 
SANDWICH  SHEAR  AND  COMPRESSIVE  STRENGTH 


A  previous  study  of  multi-layered  honeycomb  sandwich  panels 
(reported  in  the  body  of  this  report)  indicated  that  flatwise 
compressive  properties  were  well  below  expected  levels.  The 
reason  for  this  was  felt  to  be  the  inability  of  the  single  ply 
of  fiberglass/epoxy  prepreg,  which  constituted  the  splice  layer, 
to  resist  cut-through  by  the  sharp  core  cell  edges  or  to  provide 
sufficiently  stable  cell  edge  support.  As  a  result  of  this,  it 
was  decided  to  prepare  some  multi-layered  sandwich  panels  which 
had  a  rigid  splice  layer  and  to  test  them  for  both  flatwise 
compression  and  beam  flexure  properties . 

Four  sandwich  panels  were  fabricated.  Two  consisted  of 
four  one-half  inch  thick  layers  of  WRII-3/8-3.8  core  and  the 
other  two  consisted  of  four  one-half  inch  thick  layers  of 
HRH10-1/4-4 . 8  core.  Each  panel  had  0.040  inch  thick  5052  alu¬ 
minum  serving  as  the  outside  facings.  One  panel  of  each  core 
type  was  prepared  with  a  rigid  layer  at  each  of  the  three  splice 
planes  and  one  panel  of  each  core  type  was  prepared  with  a  non- 
rigid  layer  at  each  of  the  three  splice  planes.  Table  B.l 
summarizes  the  test  specimen  construction.  Those  panels  with 
rigid  splice  planes  had  a  sheet  of  0.040  inch  5052  aluminum 
bonded  to  the  core  at  each  of  the  three  splice  planes.  Those 
panels  with  non-rigid  splice  planes  had  a  single  ply  of 
EA9601NW  adhesive  film  at  each  of  the  three  splice  planes.  The 
facings  and  aluminum  splice  layers  were  bonded  to  the  core  with 
EA9601NW  adhesive  film. 

The  panels  were  cut  into  16  inch  long  by  3  inch  wide  speci¬ 
mens  for  beam  flexure  testing  (see  Figure  2) .  When  the  flexure 
test  was  completed,  two  3  inch  by  3  inch  specimens  were  cut  from 
each  long  specimen  for  compression  tests. 

The  flexure  specimens  failed  with  an  apparently  clean 
transfer  of  shear  stress  from  one  layer  to  the  next.  Figure  B.l 


SUMMARY  OF  TEST  SPECIMEN  CONSTRUCTION 
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Figure  B.l.  Beam  Flexure  Load  at  Failure. 


illustrates  the  beam  flexure  results  obtained  for  four-layered 
sandwich  with  both  rigid  and  non-rigid  splice  layers  and  with 
full  depth  sandwich.  It  is  evident  that  the  load  at  failure 
is  considerably  higher,  for  both  core  types,  for  the  specimens 
with  the  rigid  splice  layers.  The  calculated  values  illustrated 
in  Figure  B.l  are  based  on  the  core  shear  strength  levels 
achievable  with  one-half  inch  thick  core.  Thus,  it  appears 
that  the  advantage  of  higher  shear  strength  available  from 
thinner  core  is  realized  in  the  multi-layered  sandwich 
constructions . 

The  flatwise  compression  results  are  illustrated  in 
Figure  B.2.  It  is  evident  that  the  four-layer  sandwich 
construction  with  rigid  splice  layers  provide  a  higher  compres¬ 
sive  strength  than  either  0.5  inch  or  2.0  inch  full  depth  core. 
This  is  in  marked  contrast  to  results  obtained  for  a  non-rigid 
splice  layer  (Table  10  and  Figure  27)  in  which  case  the  strength 
of  the  multi-layered  constructions  was  only  about  60  percent 
that  of  the  full  depth  construction.  This  dramatic  difference 
is  probably  due  to  the  resistance  of  the  rigid  splice  layer  to 
cut-through  by  the  sharp  cell  edges  and  to  a  higher  level  of 
stabilization  provided  to  the  cell  edges  bonded  to  this  rigid 
layer. 
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